Abstract: Inorganic-organic perovskites like methylammonium-lead-iodide have proven to be an effective class of materials for fabricating efficient solar cells. To improve their performance, light management techniques using textured surfaces, similar to those used in
have also become popular, reaching efficiencies above 20% for both regular (n-i-p) 6 and inverted (p-i-n) configuration. [7] [8] [9] [10] Especially the inverted structure has become an interesting solution as it is less prone to the detrimental J-V hysteresis and is also highly relevant for the tandem perovskite devices, 11, 12 which is why we chose it in our study.
Besides material and process optimization, higher conversion efficiencies are possible by increasing light in-coupling using light management techniques. Anti-reflection (AR) and light trapping (LT) effects can be achieved by planar AR coatings (ARC) and/or textured interfaces between the different layers of the solar cell stack. 13 The planar ARC are usually flat and reduce the reflection by optimal thickness and refractive index grading of the layers at the interfaces (air/glass in our case). The textured interfaces can either be integrated inside the cell structure by texturing the front electrode, either the transparent conductive oxide 14 or charge transport material, [15] [16] [17] or by applying light management (LM) foils on the front glass side in a superstrate cell configuration. 18, 19 Textured foils have advantage over the ARCs, especially in planar devices with flat interfaces, as besides reducing the reflection they can scatter (for nano-sized texture features) or refract (for micro-sized features) light, which prolongs the optical path.
Using the LM foil, the light that is reflected from other layers in the stack is reflected back into the device from the inner walls of the pyramids, inducing light trapping. 20 As a result, the photocurrent density is enhanced. Especially for rather thin films, light trapping can maintain high photocurrent density and increase the open-circuit voltage due to enhanced carrier density as compared to thicker films with the same absorption properties. 21 In contrast to the texturing inside the device, the LM foil reduces the reflection and enables improving the device performance of already fabricated flat devices with no adjustments of the device fabrication procedures.
To create a transparent film with a desired texture for efficient light management UV Nanoimprint Lithography (UV NIL) can be used. [22] [23] [24] [25] This is a replication process whereby textures from a master can be transferred onto the substrate by imprinting viscous polymer films and curing them with UV light. Therefore, by using UV NIL an additional transparent textured layer with an arbitrary texture can be created on top of the cell, which enables light scattering and/or has AR properties. UV NIL is a simple, low-cost and low-energy procedure with high repeatability that is also suitable for large-area roll-to-roll manufacturing.
In this paper, we analyze the effects of light management in perovskite solar cells with the inverted structure. The textured light management (LM) foil was added to the front glass side of the device to reduce the reflection losses and enhance light trapping and consequently increase the short-circuit current density. The short-circuit current density (JSC) is used as a measure to determine the improvement of solar cell performance. Results for devices, without and with the LM foil are compared, showing an improvement from 20.7 to 21.7 mA cm -2 (4.8% relative) in JSC with the LM foil. 3D optical simulations based on experimentally obtained parameters are performed to provide further insight into the reasons for the improved performance. We establish that small area devices suffer from light escaping effect.
Considering that, we find very good agreement between the experimental results and the simulations, which validates our optical model and opens possibilities for use of optical simulations in the optimization of perovskite solar cells.
To our knowledge there are only a few papers that report the use of light management foils in perovskite solar cells. 18, 19, 26 They all analyze small devices and do not predict the full potential of the LM foil. Also, no comprehensive experiment-versus-3D optical simulation study for inorganic-organic perovskite solar cells has been conducted yet, both without and with the light management (LM) foil. Here, the optical simulations are used to determine losses and potential light management improvements for large area devices (solar modules) that can be realized with perovskite solar cells with the front surface LM foil. For such large active area devices, simulations reveal a relative boost of 10%. We also calculate VOC increase due to enhanced charge carrier density at a thinner active layer.
Results and discussion
For the purpose of this study, we fabricated solution processed inverted (p-i-n) perovskite solar cells with the configuration glass/ITO/PTAA/CH3NH3PbI3/PCBM/BCP/Ag as shown in Figure 1 . This figure also contains a cross-section SEM image with each layer and its thickness labelled. To create a LM foil a UV NIL replication process was utilized following the steps as schematically shown in Figure 2a and described in detail in the experimental section. Briefly, a viscous lacquer deposited on a flexible substrate (ii) is imprinted on the textured master (i) and cured under UV light (iii). After separation, the so created stamp is used as a quasi-master and the process is repeated: the stamp (iv) is imprinted in the viscous replica lacquer deposited on the substrate and cured (v). The cured lacquer (replica) now has the exact same texture as the master (vi). A silicon wafer with <100> orientation, etched in KOH resulting in randomly distributed pyramids, 27, 28 typical for wafer based silicon solar cells, 29 was used as a master. We chose this texture since it is known to have good anti-reflection and light trapping properties. 20 Additionally, randomly textured silicon wafers can be easily fabricated and replicated using the UV NIL process. Figure 2b shows an SEM image of the replica on a glass substrate.
Randomly distributed pyramids with sharp peaks and edges as transferred from the master are clearly visible, confirming the success of the UV NIL replication process. Thin microscope glass slides were used as substrates for the replica, which was then fixed on the glass side of the devices using an index matching liquid.
The J-V measurements of the fabricated devices are presented in Figure 3a . Figure S4 ). This fits with the PCEs obtained in the reverse and forward scans. Figure S1 and S2, Table S1 ). Again, the performance of the device was improved using the LM foil (relative improvement in JSC is 8.6% and in PCE 7.9%). Figure 3b shows the measured external quantum efficiency (EQE) (solid lines) and the total reflection spectra (dashed lines). The black lines represent the device without the LM foil and the blue lines with the LM foil. Two main regions of change can be identified in the spectra:
The first region of differences is found in the wavelength range between 300 and 380 nm. Here, the EQE is lower when using the LM foil due to the absorption of UV light in the UV NIL layer. However, the relative contribution of the AM1.5G spectrum in this range is small and accounts for a current loss of only 0.08 mA cm -2 . The second region of differences is between 450 nm and 650 nm, in which the EQE increases significantly (compare also Figure 4b ). This can be attributed to the reduced reflection of the incident light and improved light trapping as a consequence of the LM foil, as proven by reduction in total reflection in Figure 3b .
The LM foil reduces the total reflection (R) significantly across the whole wavelength range.
The reflection of the cell stack with the LM foil over the high EQE plateau between 400 and 700 nm is on average more than 50% lower. The positions of the peaks and valleys in the R and EQE spectra match well for both cases, without and with the LM foil. However, only at the wavelengths where the reduction in the reflection is the highest are then translated to the EQE increase in Figure 3b . In the visible light range (400 -700 nm), the EQE and the R curves added together amount to more than 94%, indicating small optical parasitic losses in the hole and electron transporting materials and the contact layers, and good extraction of the charge carriers. The sum of the EQE and R with the LM foil is slightly lower and we attribute this to refracted light escaping towards the sides of the device. The active area of the device (4 x 4 mm 2 ) is small compared to its thickness (including thick glass substrate -1.1 mm) and also to the light spot of the EQE measurement setup (2.5 x 2.5 mm 2 ). Therefore, a significant portion of the incident light, when refracted into large angles, escapes from the device to substrate regions without electrodes. Photogenerated charges in these regions are not collected and consequently lost, resulting in lower EQE values. 31 This phenomenon is referred to as "escaped light" and is discussed in more detail below. By integrating the EQE spectra over the solar-spectrum, a relative increase in JSC_EQE up to 1%
is calculated (Table 1 ). The integrated EQE agrees well with the JSC from the J-V measurement for the device without the LM foil, proving the accuracy of the measurements. The value for the device with the LM foil is, however, lower compared to that obtained by the J-V measurement. As mentioned before, this is attributed to the small device area and different illumination areas in EQE and J-V measurements. Equivalent reflection current loss (REQ), obtained by integrating the reflectance spectrum over the solar-spectrum, reveals that with the LM foil 34% less current is lost due to reflection when using the LM foil. Ideally, for large area devices most of the 2.2 mA cm -2 gained by reducing reflection would be converted to useful current. The difference to the 0.2 mA cm -2 gained in the EQE measurement is attributed to the escaped light. However, the gain of 1 mA cm -2 in the case of illumination with an area larger than the active solar cell area (J-V measurement) is more realistic to real module application due to the balance of light scattered into and outside of the active area.
In order to reveal the differences between the enhancement measured in EQE and JSC as well as to provide an insight into the changes in optical loss distribution with the LM foil, we perform 3D optical simulations using the optical simulator CROWM. [31] [32] [33] . The simulator is based on combined ray and wave optics models that enable simultaneous simulations of both segments of the device, textured thick LM foil (incoherent light propagation) and thin-film solar cell stack (coherent light propagation). Using optical simulations, it is possible to establish how further improvements in JSC can be achieved and if the LM foil is beneficial even for the highest performing devices. The thicknesses of the individual layers used in simulations are estimated from the cross-section SEM image and are 140 nm for ITO, 5 nm for PTAA, 270 nm for the perovskite absorber, 50 nm for PCBM, 5 nm for BCP and 100 nm for Ag as shown in Figure 1 . The fabricated solar cells also exhibit low roughnesses which enable successful matching with our simulations that assume planar interfaces. The wavelength-dependent n and k data needed to conduct the simulations were extracted from reflectance / transmittance (RT) data using optical modelling 34 and from the literature for the perovskite absorber. 35 . When simulating devices with the LM foil, we set the thickness of the LM foil to 50 μm and apply texture profile on the front surface. To include a realistic texture in the simulator, the texture profile of the random pyramids was measured using AFM (data not shown).
To validate the optical model, both the device area and the illumination beam size were set to the actual experimental values, which is necessary to get comparable results. Such case in which the realistic geometrical dimensions are taken into account is referred to as a "confined"
device. The comparison between measured (black lines) and simulated (blue lines) EQE / absorptance (A) and R is presented in Figure 4a and b. It is assumed that all the absorbed photons result in charges that can be collected under short circuit conditions 36 and is proven by the good match between the measured EQE and A (solid lines). A good match is also obtained between the R curves (dashed lines) for both cases, without and with the LM foil. There are, however, slight discrepancies in terms of shape and values due to interferences (at 580 and 650 nm) from the thin layers, which are slightly less pronounced in the measurements. This is due to a slight roughness of the perovskite absorber that reduces interferences within the device while simulations assume planar interfaces. In the case of the LM foil, the textured front surface reduces interferences due to the refracted light beams now having different optical paths, thus also losing constant phase difference. Consequently, interference peaks are diminished and the simulation compares better to the experiment. Comparing the simulated integrated absorption spectra JSC_SIM, the increase is from 20.5 mA cm 2 for the flat device to 21.1 mA cm -2 for the confined device with the LM foil, which is similar to the measured values. Similarly, the analyzed solar cell devices with PEDOT:PSS as the hole transporting material, including detailed optical simulations, are presented in the supporting information in Figure S3 . Again, there is a good match between experiments and simulations. Following this results, we believe that our optical simulations describe our system well therefore validating the optical model and making it first successful perovskite experiment-versus-simulation study conducted. Since the results are based on experimentally obtained parameters, the optical model can be used for further analysis, as well as for other device structures, configurations and texture optimization.
First, we investigate the expected improvements for large devices, relevant for practical applications in solar modules. Since such devices are much larger than our test device, it is now assumed in the simulations that the active area has infinite lateral dimensions in both directions and refer to this as an "unconfined" device. Keeping all the other input parameters the same, the increase in simulated current JSC_SIM due to the LM foil is 11.2% (22.8 mA cm -2 ). This means that the large area devices would benefit more from the LM foil than the test device.
The A and R curves are plotted in Figure 4b with dark red lines. The simulations show the largest increase in the region around 580 nm. This is also where the highest increase in the EQE was measured. Additionally, compared to the confined case, there is an increase in the absorption for the longer wavelengths that is typical for other solar cell types. In the unconfined case, the longer wavelengths have more passes through the active layer and are thus more likely to be absorbed while for the confined/experimental case a high amount of long wavelength light leaves the active area before being absorbed. The R spectra for the unconfined and confined case are very similar, the A is, however, lower for the confined device over the whole spectrum. This confirms our conclusion from the EQE study that in small devices a high amount of light escapes the device area due to the refractions in the LM foil. Most of this refracted light escapes the device area already in the glass substrate due to its relative large thickness (1.1 mm) compared to the device's active area (see also Figure S6 ). For comparison, Figure S5 and Table S2 show results for a device fabricated on a thinner substrate (0.7 mm).
Overall, this device performs slightly worse, however, the increase in the EQE is higher due to the increased amount of light reaching the perovskite absorber and not exiting the cell. To fully harvest the improvements of the LM foil, a device with around 10 times bigger area is needed for the same beam spot ( Figure S7 ). Table 2 , while Figure S6 compares losses between confined and unconfined device. No pronounced difference other than the escaped light can be observed. -2 ] that is produced in the perovskite absorber layer, lost as parasitic absorption in the other layers, or lost via reflection under AM 1.5G illumination for an unconfined device for the thicknesses as stated in Figure 1 . The spectra for these two cases are presented in Figure 5a . Second, the JSC_SIM enhancement due to the LM foil was also determined for devices with different layer thicknesses. These devices might benefit less or not at all since the effect of the prolonged optical path of the oblique light beams after refraction at the front surface might be negligible due to the thicker absorber. generating a very high photocurrent should benefit using the LM foil. For example, a device with a 1 μm thick perovskite absorber still shows a 1.7 mA cm -2 (7.8% relative) benefit from the LM foil. This is the case because the reduction in reflection and light trapping in the layers above the perovskite absorber remain regardless of the absorber thickness. The usage of the LM foil is therefore also beneficial for thick devices.
Finally, we calculate the potential theoretical increase in VOC due to the higher carrier density.
This can be achieved when using the LM foil to create the same amount of photocurrent at significantly reduced active layer thickness, thereby enhancing the generated carrier density. 21 Since VOC is affected by generation and recombination, an enhanced generation rate (the same number of charges per smaller volume) has the potential to enhance the VOC. Using the equations and parameters presented by Leijtens et al., 21 where they show how the recombination dynamics of perovskite solar cells is dominated by long lived holes and trapped electrons with strongly reduced trap mediated recombination (electron lifetime: τn = 100 ns, long lived hole lifetime: τp = 10 μs), we calculate a potential VOC increase of 36 mV (see SI for more information). Here, the current is kept constant (20 mA cm -2 ) but the thickness is changed to achieve such current -130 nm in the case with the LM foil and 260 nm in the case without the LM foil (denoted with the crosses in Figure 5b ). This indicates another potential benefit of the LM foil -besides increasing the JSC, the VOC can also be enhanced by using thinner active layers to enhance the charge carrier density.
Conclusion
In summary, we have presented and analyzed a light management option for perovskite solar cells, using a UV Nanoimprint Lithography process to fabricate a light management (LM) foil. We find that smaller area devices suffer from light escaping the active area which was confirmed and evaluated using optical simulations. The effect of confinement between illuminated and active area was analyzed and we find that the difference in EQE between simulation and experiment for devices with the LM foil could be attributed to a high amount of the refracted light not reaching the absorber, contributing to a lower EQE. In general, a relative boost in photocurrent of ca. 8% is feasible for large area devices, even for active layers thicker than 1 µm. Additionally, simulations revealed that optimized light management can be used to reduce the thickness of the active layer to reduce the amount of absorber material and enhance the photogenerated density, resulting in an expected 36 mV enhancement of the VOC at an identical photocurrent.
This study demonstrates the beneficial role of the LM foil in reducing reflection and increasing absorption in perovskite absorber, making the LM foil a promising solution for improving the performance of perovskite based solar cell. Viscous lacquer adjusts to the structure of the master and is cured under UV light (iii). After the separation of the stamp from the master, the stamp can be used as a (quasi)master and is imprinted in the lacquer 2 (iv) that is deposited on the substrate. UV illumination cures the second lacquer (v). Once separated from the stamp, the acquired replica (vi) is ready for use as a light management foil. The created replica was fixed on the glass side using an index matching liquid (Norland Products Inc.). A silicon wafer with <100> orientation, etched in KOH with up to 8 μm resulting randomly distributed pyramids, 28, 38 was used as a master.
Methods
Hostaphan PET film and thin microscope glass lid were used as substrates for the stamp and the replica, respectively. Commercially available lacquers (provided by CCoatings) were used and deposited on the substrates using the doctor blade technique -the thickness of the layer before the imprint was 50 µm. UV LEDs with a peak wavelength at λ = 368 nm were used to cure the lacquers (t = 5 min). The refractive index of the cured replica (lacquer 2) is n = 1.55
which is close to the refractive index of the glass.
Device characterization. The current density-voltage (J-V) curve was measured using a Optical simulations. 3D Optical simulator CROWM which is based on combined ray and wave optics model was used to conduct optical simulations. Wave optics model, based on transfer matrix algorithm, is used to simulate the thin layers (coherent light propagation) in the solar cell stack, while non-coherent ray tracing approach is used for thick layers (> 1 μm) -in this case the glass substrate and the LM foil. The wavelength-dependent n and k data needed to conduct the simulations were obtained using reflectance / transmittance (RT) method and from the literature for the perovskite absorber. 35 The main outputs of the simulator are total reflectance, transmittance and absorptance in each layer. Their solar-spectrum wavelength integration equals to the JSC or equivalent current loss in the individual layer. The simulations were carried out in the wavelength range from 350 to 800 nm which is a sufficient range for the perovskite solar cells. To include a realistic texture in the simulator, the texture profile of the random pyramids was measured using AFM. x,y,z results were directly imported into CROWM.
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